In this article small-angle X-ray scattering (SAXS) is used to characterize the structural parameters of semi-crystalline blends of poly(vinylidene fluoride) (PVDF) and poly(methyl methacrylate). Different blend compositions from 100 to 50 wt.-% of PVDF were investigated. The samples were considered to be isotropic. As two-dimensional SAXS patterns with cylindrical symmetry were examined, a single direction in the SAXS pattern plane was chosen to collect and plot absolute intensities versus the scattering vector. Using the one-dimensional (linear) electron density correlation and interface distribution functions obtained, respectively, from the Fourier-transformed Lorentz-corrected experimental scattering intensity and from the interference function, structural parameters such as the minimal value and the most probable value of the long period, the average lamellar thickness, and the volume crystallinity were determined.
Introduction
Small-angle X-ray scattering (SAXS) has been widely used to investigate the lamellar structure of semi-crystalline polymers. Assuming a periodic two-phase lamellar system, Vonk and Kortleve [1, 2] found that the electron density correlation function obtained from the Fourier-transformed scattering intensity can provide detailed information on the supermolecular structure. In 1980, Ströbl, Schneider, and VoigtMartin [3] investigated the general properties of the electron density correlation function of isotropic and semi-crystalline polymers with a lamellar structure. Their work showed that the correlation function yields directly the following structural parameters: a) minimal value and most probable value of the long period; b) average lamellar thickness; c) volume and bulk crystallinity; d) specific inner surface; and, possibly, e) the electron density difference between crystalline and amorphous regions.
1 Santa Cruz, Stribeck, Zachmann and Balta-Calleja [4] investigated the supermolecular structure of isothermally crystallized poly(ethylene terephthalate) (PET) by means of the electron density correlation and the interface distribution functions. They reported that the long period computed by simply applying Bragg's law is considerably larger than the true value. Furthermore, the distributions of crystal thickness and long period were both found to be very broad. The electron density correlation function was also applied to anisotropic structures by various researchers, including Dettenmaier [5] , Bonart [6] , and Stribeck et al. [7, 8] . In the case of two-dimensional SAXS patterns with cylindrical symmetry, i.e., usually in the fibre direction, the onedimensional electron density correlation function can be computed and used to describe the variation of the electron density along the fibril or the height of a lamellar stack.
The present paper deals with some crystalline blends of poly(vinylidene fluoride) (PVDF) and poly(methyl methacrylate) (PMMA) over the composition range of 50 -100 wt.-% PVDF. Such samples are characterized by partial crystallization of PVDF chains and the miscibility of PMMA and residual PVDF within the amorphous phase. Crystallinity at equilibrium is known to increase progressively with increasing PVDF amount from 28 to 56 wt.-% [9, 10] . Miscibility of the amorphous phase components results from attractive hydrogen interactions between PMMA carbonyl groups and hydrogen atoms of PVDF [11] . In addition, two types of amorphous chains deserve to be distinguished: those which are quite far away from crystalline PVDF domains (interspherulitic amorphous) and those which are embedded within the spherulites (intraspherulitic amorphous). The interest for PVDF/PMMA blends is reinforced by the very progressive changes of crystallinity features with increasing PVDF amount. Using these samples, the experimental SAXS data are analyzed by using the onedimensional (linear) correlation function (CF) and the interface distribution function (IDF) along the r-axis, which is perpendicular to the lamellar direction. The physical model [3] used in this study differs from the Zernicke and Prins liquid model [12] in the sense that the crystallite thickness distribution function is much tightened. However, it is not restricted to highly regular stacks. It is likely to hold also for real systems including long spacing and lamellar thickness distributions and occurrence of diffuse phase boundaries. The lateral size and the curvature radius of the crystalline lamellae are assumed to be much greater than the long period.
The one-dimensional (linear) electron correlation function, γ(r), is calculated from two-dimensional scattering patterns, by choosing one direction that goes through the origin (the centre of the 2D-SAXS pattern). The experimental scattering intensities are then obtained in the reciprocal space. The structural parameters derived from the linear correlation function γ(r) (CF) and the interface distribution function g(r) (IDF) are discussed for PVDF/PMMA samples of variable composition. Thus, structural information is expected on the long period, the average lamellar thickness, volume (local) and bulk crystallinity, and the average interface thickness. Furthermore, this paper is a contribution to the treatment of SAXS data in the framework of isotropic polymer blend structures.
Theoretical background: intensity-structure relations
For a real molecular system, the scattering intensity, I(q), is expressed as the complex conjugate of the scattering amplitude F(q):
where is the scattering vector and q (4 ) The experimental scattering intensity, ( ) I q , arising from the electron density fluctuation ( ) r η is consequently given [13] [14] [15] by:
Alternatively, Eq. (3) may be written as:
where % ( ) η r , the self-convolution or autocorrelation of ( ) η r , is given by
The electron density correlation function is:
a quantity that is normalized at the origin, i.e., 1 (0) 1 γ = . Then, according to Eqs. (2) to (6), the scattering intensity is given by a three-dimensional Fourier integral:
and the inverse Fourier transformation yields immediately:
The function 1 ( ) γ r describes the probability of finding an electron density fluctuation, The radial orientation of the crystalline lamellae within a spherulite has two main consequences: (i) each individual lamella presents a unique scattering direction; and (ii) there is no preferred orientation within the spherulite, which can be regarded as an isotropic object. Therefore, the three-dimensional integration in Eq. (8) can be simplified by averaging all possible orientations of q with respect to . Thus: r
Then, the scattering intensity I(q) measured from an isotropic system can be transformed into the one-dimensional intensity I 1 (q) by Lorentz correction [14] :
where c is a proportionality constant.
In the case of isotropic semi-crystalline polymers, the SAXS data can be analyzed [2, 16, 17] via a combination of the linear correlation ( ) r γ (CF) and the interface distribution (IDF) functions:
where is the so-called second moment or invariant. Q With the pinhole geometry used in this experiment, the linear correlation function is then the Fourier-transform of the Lorentz-corrected SAXS profile, whereas the interface distribution function is the Fourier transform of the interference function [16, 17] :
Experimental part

Materials
The PMMA used in this study was an amorphous polymer of weight-average molecular weight M w = 119 000. Its glass transition temperature, as determined by differential scanning calorimetry at a heating rate of 10 K/min, was 110°C. The grade of PVDF retained for this study presented a melt viscosity of 830 Pa·s at 230°C, a glass transition temperature of -40°C, a melting temperature of 165 -172°C and a maximum degree of crystallinity of about 50%. Both materials were kindly provided by ARKEMA.
Blending procedure and SAXS experiments
The PVDF/PMMA samples, with 50, 60, 70, 80, 90 and 100 wt.-% of PVDF were prepared by mechanical blending using the Rhecord RC300p and the Rheomix 600p mixor systems (Polylab systems). Optimized blending conditions were set as: speed of the mixor system of 40 rpm, temperature of 200°C and blending time of 100 min.
Small-angle X-ray scattering (SAXS) experiments were carried out at the "Ecole des Mines de Nancy" with Cu K α radiation, provided by a 3 kW X-ray source (Inel XRG 3000). The radiation was Ni-filtered, monochromatized, and point-collimated with a beam diameter of ≈1.0 nm. For a distance of 820 mm between sample and detector and a laminated sample thickness of ≈800 µm, the irradiation time was fixed at 2 h. SAXS intensities were collected in a single direction, and exported to Maple and Matlab software for further analysis.
SAXS data analysis
Three independent procedures were used to derive the structural parameters of the semi-crystalline samples under investigation, based on: (i) Bragg's law; (ii) the classical analysis of the functions γ(r) and g(r); and (iii) the recent method of γ(r) and g(r) treatment proposed by Hsiao and Verma [18, 19] .
Bragg's law
From the Lorentz-corrected SAXS profile, the position of the maximum, q max , was determined and used for calculation of the Bragg long period, L pB :
L pB represents the sum of the average thickness of the crystal lamellae, , and of the interlamellar amorphous regions, . This method does not directly provide any values for l or . 
Correlation and interface distribution functions
In real polymer blends systems the interlamellar and lamellar thickness can vary and, in addition, the phase boundaries are not really sharp. According to Strobl et al. [3] , the lamellar structure parameters can be determined from the function ( ) r Here, the 'baseline' is defined as the horizontal tangent at the first ( ) r γ minimum, which belongs to the 'self-correlation triangle' (Fig. 1) . The volume (bulk) crystallinity 1 χ is defined as:
where max The local crystallinity is also given by
The linear correlation (CF) analysis permits also estimation of the average interface thickness from the value of r at the beginning of the linear part of the curve 1 AIT ( ) γ r (see Fig. 1 ). This structural parameter can also be calculated using the equation: 
From the interface distribution function (IDF), it is also possible to determine the long period from the position of its first minimum. A second characteristic length l
where is the length corresponding to the first maximum of . If the larger length is l and the smaller l , the l value will be then the thickness of the more abundant phase within the stack (either amorphous, or crystalline, depending on the sample and its crystallinity), and l that of the less abundant one. For the final assignment of l to or l , determination of the volume crystallinity fraction χ in the sample is often suitable:
In the ( ) r γ and equations, all integrations must be carried out over the range of . Since the SAXS data were only collected over a limited angular range in our case (0.01 Å -1 < q < 0.15 Å -1 ), it is mathematically required to extrapolate the scattering intensity to both low and high values of q before performing the Fourier transformation. The experiment gives a finite number of intensity values at finite values of necessitating this extrapolation and a numerical integration to calculate the transforms. It should be stressed that extrapolation to q 
where σ is related to the width of the interface. 
Hsiao and Verma's method
In addition to the classical methods proposed by Rathje and Ruland [23] , Koberstein, Morra and Stein [24] , Stribeck [8, 17] , and Vonk and Kortleve [1, 2] , we have used the method proposed by Hsiao and Verma [18] , which introduces two alternative expressions of Porod's law (in the form of interference functions) to compute the Porod parameters.
The interference function is expressed as:
Eq. (21) assumes the presence of a finite transition zone between the two constituting phases; therefore, the interface should start from the origin [ ]. This is simply because (in the real space) is the Fourier-transform of , the total
area of the G q versus plot is zero. Thus, two residual terms are defined from Eqs. (20) and (21), 
Data evaluation tools
All data evaluations and analyses were carried out using some worksheets in Maple tools software. Some Matlab tools were used especially for non-linear regression and curve-fitting, and minimal searching. Therefore, in order to use Maple software capabilities for numerical integration, and before computing linear correlation (CF) and interface distribution (IDF) functions, the SAXS intensity curves were fitted by means of cubic spline functions. The reliability of the splines at low and large q values were checked to be valid.
Data smoothing
For measurements involving a short acquisition time, the signal-to-noise ratio may still be too low to warrant a successful analysis. In this case, an increasing signal-tonoise ratio has to be implemented. The data smoothing procedure should not introduce any artefact in the Porod region and must assure more smoothing at higher scattering angles where the signal-to-noise ratio is lower. The used data smoothing procedure is a moving average filtering, which replaces each data point with the average of neighbouring data points defined within the span. This process is equivalent to low pass filtering with the response of the smoothing given by the following.
For a linear array of points ( ), the smoothed array is taken as 
refers to the value of in the smoothed array. In order to increase the signal-to-noise ratio at higher scattering angles the value of can be continuously increased with the scattering vector according to the equation:
Method of evaluation
In the determination of the linear correlation and the interface distribution functions, let us consider that one PVDF/PMMA sample is not an ideal two-phase system just consisting of crystalline and amorphous regions but that there also exits a phase 8 boundary of finite thickness. In addition, an account is given for local electron density fluctuations in any regions.
The method used, based on different investigations [1, 2, 18, 23, 24] , operates in two stages:
1. To obtain a first estimation of the amount of the local density fluctuations I fl , the data are first plotted in a [ ] vs. diagram [17] (Fig. 3) . As a first approximation, I fl can be regarded as a constant over a large q range and extracted from the slope of the straight line. ] vs. diagram [24] (Fig. 4) , which is based on the sigmoidal-gradient model for pin-hole geometry: 
Results and discussion
Fig . 5 shows the scattered intensity profiles measured for the six samples. The scattering peaks are well defined for the three samples containing 100, 90 and 80% of PVDF. A sufficiently clear scattering peak is observed for the 70% PVDF sample. For these four samples, the scattering peak is progressively shifted to lower angles as long as the PMMA content increases.
There are no well-defined peaks for the 50 and 60% PVDF samples. On the other hand, the normalized Lorentz-corrected SAXS profiles obtained from Eq. (10) exhibit a well-defined Bragg peak for each sample, whatever its PVDF content (Fig. 6) . The values of the long spacing L pB , as determined from the corrected SAXS profiles, are given in Tab. 1, together with the other quantities of interest whose blend composition dependence is illustrated below. It is also worth noting that the order L pB > L pmax (CF) is respected by all samples except 50 and 60% PVDF.
The non ideality parameter, defined as
may be used as a quantitative estimate of the deviation from the ideal two-phase model.
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The samples with 80, 90 and 100% PVDF display relatively smaller values of the D i and parameters and appear to be closer to the ideal two-phase model than the samples with 50 and 60% PVDF. In fact, for the former samples, the amorphous phase is primarily intraspherulitic. On the other hand, the amorphous phase is ex-NI pected to have an interspherulitic character in the latter samples, which exhibit quite a low crystallinity. An intermediate behaviour is observed for the 70% PVDF sample.
The normalized IDF functions of the samples are shown in Fig. 8 . These functions differ in shape, as well in the position of their maxima and minima. From the values of the long spacing , it turns out that the order
always respected, except for the 90% PVDF sample. In that case, the two values should be considered as being the same by taking into account the error bars on the values of
L pmin (CF) and . Indeed, the difference between results obtained from CF and IDF analyses amounts to about 9% only, on average. CF for 80% PVDF sample CF for 50% PVDF sample CF for 60% PVDF sample CF for 70% PVDF sample CF for 90% PVDF sample CF for pure PVDF sample χ can be deduced in another manner from the linear correlation function (CF) using the equation [4, 25] :
where is the average value between the position at the end of the linear section in the CF and the first intercept of CF with the r-axis (Fig. 1) From the two solutions of the above quadratic equation, the one with the higher value should be ascribed to the larger fraction of the two phases found within the lamellar stacks. For highly crystalline samples, 1 x would correspond to the crystal fraction within the lamellar stacks and One should realize that there is a certain amount of amorphous material outside the stacks in which it is embedded. The Bragg long period could include the thickness of this relatively thin material. For the same reason, the values of p L , l and l obtained from CF and IDF analyses are assumed to be really more realistic than those obtained from Bragg's law and WAXS linear crystallinity values (Fig. 10) . It is undisputed that the one-dimensional (linear) ideal two-phase model cannot directly explain the results for the two samples with 50 and 60% PVDF. In fact, this model holds in the case of densely packed, isotropically distributed stacks of parallel lamellae.
The particular results obtained in that case suggested to try the Debye-Anderson analysis [26] in which the SAXS intensity is given by:
where is a constant and a DP l the so-called Debye-Porod length, which is characteristic of the long spatial periodicity of the structure. Therefore, after background subtraction, the plots of 
The corresponding results are shown in Fig. 11 . The values found for DP l are closer to those of the Bragg long period than those found by the correlation function analysis (CF). That being the case, these two samples with the corresponding compositions in PVDF should be analyzed more deeply. A more elaborate theoretical model, accounting explicitly for the relative amount of interspherulitic amorphous phase, will be proposed in a forthcoming publication.
Within the framework of the same theoretical model, the interface distribution function (IDF) will be modelled by decomposition in a series of elementary lamellar thickness distribution functions for the whole of the samples. Symmetrical and asymmetrical elementary distribution functions will be tried in order to set the optimal fit of the IDF of each sample. l a from l DP and χ4 (waxs) Fig. 11 . Plot of the structural parameters deduced from Bragg's law, WAXS, CF, and Debye-Anderson analysis
Conclusion
Knowledge of the structure of crystalline and amorphous phases and their spatial arrangement as well as of interfaces is of crucial importance for understanding the structure-property relationships of semi-crystalline polymers. In the present paper the supermolecular structure of unoriented semi-crystalline PVDF/PMMA samples has been discussed by using the SAXS technique.
Using the experimental two-dimensional scattering patterns, which include structural information, the linear correlation (CF) and the interface distribution (IDF) functions were computed.
A long period ranging from 9.5 to 16.3 nm, and a linear crystallinity between 21 and 57% were determined. The WAXS linear crystallinity range for the same samples was confirmed independently by the SAXS technique.
